I. INTRODUCTION
Hydrogenated microcrystalline silicon ͑c-Si: H͒ was introduced as an intrinsic photovoltaic absorbing film in silicon based thin film solar cells in the early 1990s.
1,2 This specific phase of hydrogenated silicon ͑Si:H͒ has been integrated in many commercially available thin silicon solar modules since its introduction. [3] [4] [5] [6] [7] [8] The enhanced absorption in the infrared 1 ͑IR͒ and the optoelectronic stability 2 compared to hydrogenated amorphous silicon ͑a-Si: H͒ are the main advantages for integration of c-Si: H into single junction and multijunction p-i-n devices. Solar cells and modules based on a multijunction approach of a-Si: H and c-Si: H have resulted in conversion efficiencies of cells and modules in the range of 10%-15%. [3] [4] [5] [6] [7] [8] To benefit from the enhanced absorption in the red and near IR, thicker intrinsic c-Si: H films ͑1-3 m͒ are required, compared to a-Si:H ͑typically 200-400 nm͒. Consequently, the upscaling of plasma enhanced chemical vapor deposition ͑PECVD͒ technologies ͑high deposition rates of c-Si: H over large areas͒ is a crucial issue for the cost reduction in manufacturing photovoltaic products based on thin silicon films. 4 The achievement of higher deposition rates means, in general, increasing the precursor gas flows and plasma power density. This is shown in Fig. 1 Figure 1 shows all data that could be found in peer reviewed journals. Increasing the power density also induces ion-bulk interactions leading to amorphization of the crystalline growth 43, 44 and defects. 10, 45 In the last 15 years two approaches have been used to suppress this unfavorable effect of ion bombardment during c-Si: H growth. The first approach is the very-high frequency ͑VHF͒ approach ͑squares in Fig. 1͒ , which is the increase in the electrode bias frequency from the conventional rf bias 13.56 MHz frequency up to 40-150 MHz. 46 VHF enhances the efficiency of silane dissociation in the plasma 47 and drastically reduces the energy of the ions bombarding the grounded deposition sura͒ Electronic mail: arno.smets@aist.go.jp.
FIG. 1. ͑Color online͒
The deposition rate of device grade c-Si: H ͑close to the a → c phase transition͒ vs the employed power density ͑P VHF ͒ for data found in peer reviewed journals ͑Refs. 9-42͒. The triangles represent rf-PECVD ͑13. 56 MHz͒ at low pressure ͑Ͻ1 Torr͒, the squares represent VHF-PECVD ͑Ͼ13. 56 MHz͒ at low pressure ͑Ͻ1 Torr͒, the circles represent rf-PECVD at high pressures ͑Ͼ1 Torr͒ and the stars represent VHF-PECVD at high pressure ͑Ͼ1 Torr͒. A fit of the data results in a scaling of R d ϳ͑P VHF ͒ 0. 85 . The power density range in which heating of the electrodes by plasma is expected is indicated as well.
face, due to a reduced dc voltage V dc . 48, 49 The second approach is increasing the processing pressure up to 5-25 Torr, 11, 38 the so-called high pressure depletion ͑HPD͒ regime 47 ͑circles in Fig. 1͒ . This approach reduces the energy of the ion bombardment by many ion-neutral collisions during their acceleration in the collisional plasma sheath. 43 The combined employment of both approaches ͑stars in Fig. 1͒ , HPD-VHF, has resulted in high deposition rates ͑2-3 nm/s͒, while preserving high conversion efficiencies of the p-i-n devices. 11, 50 The best results of c-Si: H solar cells deposited in the HPD-VHF regime is = 9.1% at 2.3 nm/s using a conventional shower head electrode, 11 and = 8.7% and 8.5% at 2.7 and 3.1 nm/s, respectively, using the ladder shaped electrode. 50 Another issue is the fact that "device grade" c-Si: H is obtained close to transition from a-Si: H to microcrystalline silicon ͑a → c͒. 13, 14, 51 However, unwelcome side effects of high rate deposition in the HPD regime is that the parameter window for device grade c-Si: H becomes narrower, which enhances the demand for easy optimization strategies and good control of the growth with thickness. Device grade material can be classified as c-Si: H without any significant postdeposition oxidation, as oxidation is linked to a reduction in the red response of the p-i-n device. 11, 52, 53 The properties of c-Si: H, such as crystallinity, defects and conductivity have been studied intensively by Raman spectroscopy, 54, 55 x-ray diffraction detection, 55, 56 transmission electron microscopy, 56 electron spin resonance, 57 and optoelectronic characterization techniques. 58, 59 However, these easy-to-use analyze techniques are not able to exclusively determine whether a deposited film is in the good narrow parameter window. The only qualification of device grade material is the time consuming procedure of the integration of the intrinsic film in a p-i-n device. Furthermore, in plasma processing it is well known that the p-i interface is the most critical interface in a p-i-n device. An inferior p-i interface is directly reflected in inferior solar cell performance. The control of the initial growth becomes even more crucial for high deposition rates as the characteristic time, in which the properties of the p-i interface are determined, becomes shorter. The importance of the p-i interface has been shown by inclusion of buffer layers ͑deposited by hot-wire CVD͒ between the p-and i-films 15 and by applying silane profiling during the initial growth phase. 16 These additional processing steps result in improved solar cell performances.
In this paper we present the results on the integration of c-Si: H, deposited at high deposition rates using the VHF technique in the HPD regime, into p-i-n devices. We demonstrate that a fast optimization of the high rate deposited c-Si: H properties can be obtained by a twofold strategy: First the bulk properties are optimized using the IR analysis of the deposited films. Recently, we have demonstrated that bulk properties of c-Si: H deposited at high deposition rates can easily be optimized using the hydride stretching mode ͑SM͒ signature in the IR spectrum. 60 Second, the initial c-Si: H growth at the p-i interface is optimized using profiling of the deposition parameters just after the plasma ignition. We demonstrate that the control the Si:H phase uniformity with thickness is crucial to obtain good solar cell performances.
II. EXPERIMENTAL DETAILS
In the PECVD deposition configuration used, the upper electrode is a multihole-cathode ͑MHC͒ and the bottom electrode is the substrate. More details on MHC-VHF technique can be found in Refs. 12 and 61 The diameter of the electrodes is 13 cm and the typical electrode gap is 6-7 mm for the conditions used in this paper. The 80 MHz output of a signal generator ͑Kenwood SG5155͒ is amplified ͑Thamway T190-6068A͒ and the resulting bias signal is employed to the MHC cathode and matched ͑Thamway T020-6068D͒ to optimize the power coupled into the plasma.
The deposition series ͑A-H͒ and the corresponding conditions are presented in Table I . Films have been deposited at a substrate temperature of 180°C. Initial profiling of the deposition parameters is used for conditions C-G. Initial profiling of the deposition parameter means that the hydrogen flow, silane flow, or the VHF power density has been varied during the initial growth, as depicted in Fig. 2 . Hydrogen profiling is the variation of the H 2 flow in the first 180 s after plasma ignition, i.e., ͑750→ 600 SCCM͒ ͑SCCM denotes cubic centimeter per minute at STP͒ and ͑900→ 750 → 600 SCCM͒ referred to as H 2 profiling I and H 2 profiling II, respectively. Silane profiling is the variation of the SiH 4 flow ͑0 → 4 → 8 → 12 sccm͒ from 10 s before to 40 s after the plasma ignition. Power profiling is the variation of the VHF power density in the first 35 s ͑0.39→ 0.78 → 1.36 W cm −2 ͒. Note that the texture of the ZnO and the intrinsic film thickness of ϳ1.8 m is not optimized and the solar cell structure is exposed to two vacuum breaks, one before and one after the i-layer deposition. Note that an array of 4 ϫ 4 solar cells are deposited on a 50ϫ 50 mm 2 substrate in which the middle array of 2 ϫ 2 of solar cells are here referred to as the inner cells. The solar cells were characterized by current voltage ͑J-V͒ and spectral response measurements under standard air mass 1.5 ͑100 mW cm −2 ͒ and whitebiased monochromatic light illumination. Single c-Si: H films are deposited on Corning 1737 samples and on c-Si substrates. Note that the deposition rates obtained on glass or glass/transparent-conducting-oxide ͑TCO͒ substrate differ from the deposition rates obtained on c-Si substrates, i.e., the deposition rate on glass is ϳ10% higher than on c-Si. In this paper we refer to deposition rates determined from films deposited on c-Si films. Conditions A-H result in deposition rates of 1.6-2.0 nm/s. The crystalline volume fraction ͑X c ͒ is determined using Raman measurements ͑Renishaw, He-Ne 633 nm͒ on c-Si: H films with thickness of 1.8 m deposited on Corning 1737 glass ͑50ϫ 50 mm 2 ͒ and using the procedure as described by Smit et al. 62 The IR spectrum of c-Si: H films deposited on c-Si ͑12.5ϫ 25 mm 2 ͒ is measured using Perkin Elmer Fouriertransform-IR spectrum 2000 in transmission mode. In Fig. 3 a typical IR spectrum showing the bulk hydrides ͑Si-H-x ͒ SMs is depicted. It is impossible to uniquely resolve all SMs using only one IR spectrum. Nevertheless, by using a large set of samples with a wide variety of Si:H phases, ranging from amorphous up to highly crystalline porous material, we were able to assign a consistent set of SMs capable of fitting the wide variety of spectra measured. 60 The low SM ͑LSM͒ ͑1980-2010 cm −1 ͒ and the high SM ͑HSM͒ ͑2070-2100 cm −1 ͒ originate from the a-Si: H tissue in the bulk. 63 The HSM range for the c-Si: H phase broadens by two additional modes: ϳ2120 and ϳ2150 cm −1 . Furthermore, three narrow HSMs ͑NHSM, 2083, 2103, and 2137 cm −1 ͒ are observed. Unique for c-Si: H IR spectra is the fact that it can exhibit extreme LSMs ͑ELSM, ϳ1895, ϳ1929, and ϳ1950 cm −1 ͒.
III. RESULTS

A. IR analysis as an optimization tool for the bulk properties
As demonstrated in Ref. 60 a clear relation between the performance of a p-i-n solar cell and the hydride SMs, corresponding to hydrogenated crystalline grain boundaries in the bulk is observed. These crystalline surfaces show postdeposition oxidation and the absence of these surfaces in the c-Si: H matrix is a crucial requirement for device grade microcrystalline material. In the IR spectrum of c-Si: H, the presence of crystalline surfaces in the bulk are reflected by the NHSMs at 2083, 2102, and 2137 cm −1 corresponding to mono-, di-, and trihydrides at crystalline grain boundaries. 64 When going from a phase with a high crystalline matrix to an amorphous matrix the absorption of the ELSM ͑ϳ1895, ϳ1929, and ϳ1950 cm −1 ͒ seems to have its maximum in the phase of c-Si: H in which the NHSMs are just absent.
The strength of IR analysis as a tool for optimization of c-Si: H material properties is demonstrated by Fig. 4 , in which IR spectra for three different c-Si: H films with various properties deposited on c-Si are presented. The spectra in deposition rates using conventional VHF with a flat showerhead electrode. 11 The less dense c-Si: H ͓Figs. 4͑a͒ and 4͑b͔͒ has a spectrum with a large contribution of NHSMs, which disappears completely within 10 months of exposure to ambient air. Meanwhile the Si-O-Si SMs and a mode around 2250 cm −1 appears, corresponding to hydride SMs with oxygen atoms back bonded to the silicon atom O y SiH x . 65 This reflects that at least the crystalline grain boundaries within the bulk oxidize and transform to an O y SiH x surface. The presence of crystalline grain boundaries and its linked postdeposition oxidation is a signature of inferior material quality, reflected in poor red response of the p-i-n device. 52, 53 The spectra of intrinsic c-Si: H, corresponding to inferior efficiency of 4.5% ͓Figs. 4͑c͒ and 4͑d͔͒, still exhibit a small signature of the NHSMs in the IR. The presence of crystalline surfaces is accompanied with postdeposition oxidation in time, reflecting inferior material properties. The NHSMs are absent in the IR spectra of the intrinsic c-Si: H film corresponding to an efficiency of 9.1% ͓Figs. 4͑e͒ and 4͑f͔͒. The ELSMs absorption is at its maximum and no postdeposition oxidation of the material is observed, reflecting device grade material. We have used this approach for the first optimization step for the properties of the c-Si: H bulk deposited using the MHC-VHF setup. The IR spectrum in Fig. 4͑f͒ has been used as a reference representing optimum c-Si: H bulk properties, as an efficiency of 9.1% is the best result on c-Si: H single junctions for the 2-3 nm/s deposition range reported so far.
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B. Optimization of the bulk properties
In Figs. 5͑a͒ and 5͑b͒ the spectra of hydride SMs of the c-Si: H films as deposited are shown. The crystalline fraction measured from the top ͑solid data points͒ and bottom ͑open data points͒ of deposition series A ͑pressure variation͒ are shown as well. Deposition at low pressures ͑4 and 5 Torr͒ results in a-Si: H phase having a low crystalline fraction of X c Ͻ 40%. The IR spectra for 4 and 5 Torr exhibit only the broad LSM ͑1980-2010 cm −1 ͒ and the HSM ͑2070-2130 cm −1 ͒ linked to the amorphous phase. 63 The material becomes crystalline X c ͑bottom͒ Ͼ 50% and X c ͑top͒ Ͼ 60% from pressures of 6-10 Torr and the typical microcrystalline SMs signatures show up in this pressure range. Above 10 Torr the films are less crystalline and the SM spectra are free of typical crystalline related SMs such as the ELSMs, NHSMs, and the two additional HSMs. If we consider the spectra of c-Si: H deposited in the 6-10 Torr regime, we see that all spectra exhibit the NHSMs reflecting inferior material with crystalline grain boundaries. The SMs also show that the Si:H phase transitions around 5-6 Torr and 10-11 Torr are relative sharp, showing the narrowness of the parameter window for optimum material properties.
We have performed many attempts to deposit material without NHSMs at the transition from 5-6 Torr, but it appears to be impossible to deposit material without the unwelcome NHSMs signature at these pressures. Furthermore, the nonremovable NHSMs at 5-6 Torr transition seems to be independent of the electrode used, both MHC and flat show- erhead electrodes suffer from the same effect. Therefore, the transition around 10 Torr has been chosen as starting point for further optimization by variation of the hydrogen flow ͑deposition series B͒. In Figs. 5͑c͒ and 5͑d͒ the IR spectra and X c values are shown versus the silane concentration ͑SC͒. A decrease in the SC ͑increasing hydrogen flow͒ results in a larger crystalline fraction, shown by the higher X c value and the large dominance of the NHSMs. At SC = 1.96% the unfavorable NHSMs almost disappear completely, however, the crystalline fraction drops below 40%, demonstrating a highly nonuniform Si:H phase with thickness and the extreme narrowness of the parameter window for optimum material.
To maintain a high crystalline fraction in the bulk and to obtain IR spectra without NHSMs we have applied a hydrogen profiling step referred to as H 2 profiling I ͑see Fig. 2͒ : the first 180 s the hydrogen flow is 750 SCCM to guarantee initial crystalline growth and the rest of the deposition the flow is 600 SCCM to avoid the incorporation of crystalline grain boundaries ͑deposition series C͒. In Figs. 5͑e͒ and 5͑f͒ the resulting IR spectrum and X c values are shown. The employment of hydrogen profiling results in an exact replica of the reference IR spectrum from Fig. 4͑f͒ , while preserving a high bulk crystallinity fraction X c Ͼ 60 at. %, implying that c-Si: H bulk material without crystalline grain boundaries has been obtained.
C. Optimization of the initial growth
The results shown in Fig. 5 are obtained for 1.8 m thick films. Consequently, information of material properties of the initial growth ͑Ͻ100 nm͒ cannot easily be resolved. In other words, these spectra do not reveal the uniformity of the c-Si: H growth with thickness, nor reveal from which thickness the unwelcome crystalline grain boundaries are incorporated. To study the microstructural evolution of the films with thickness, samples with various thicknesses have been deposited under several conditions: hydrogen profiling I ͑series C͒, silane profiling using a 600 and 1200 SCCM hydrogen flow ͑series F͒. Figure 6͑a͒ shows the evolution of the IR spectra with thickness for the hydrogen profiling I ͑series C͒. The IR spectra for the first 525 nm contain two modes: the LSM and the HSM ͑ϳ2070-2100 cm −1 ͒. This implies that the deposited Si:H matrix in the growth of the first 525 nm is dominantly amorphous. 63 For thicker films the IR spectra also exhibit the typical SMs related to the microcrystalline phase. The observed evolution of the IR spectra reflects a highly nonuniform Si:H phase with thickness. These results are consistent with Raman analysis on c-Si: H films on the Corning glass ͑simultaneously deposited͒. Figure 7 shows the X c values with thickness for series C using hydrogen profiling scheme I. For the first 500 nm the crystalline fraction X c is below 50% ͑X c Ͻ 20% for the first 200 nm͒. An amorphous incubation layer of some hundreds of nanometers is undesirable in a p-i-n device as it will act as an additional barrier in the intrinsic c-Si: H film.
Several approaches to prevent the growth of a thick initial a-Si: H incubation film after plasma ignition have been investigated. The first approach studied is increasing the number of hydrogen profiling steps during the initial growth. If we apply hydrogen profiling step II ͑see Fig. 2 , profiling II has an additional higher H 2 flow step in the first 100 s after plasma ignition compared to hydrogen profiling I͒ the initial growth becomes more crystalline, as shown in Fig. 7 . The second studied approach is employing an initial silane profiling step while keeping the hydrogen flow constant, i.e., a small silane flow of 4 SCCM is turned on just 10 s before plasma ignition, which increased with two steps up to 8 and 12 SCCM at 20 and 40 s after plasma ignition ͑see Fig. 2͒ . Figure 6͑b͒ shows the evolution of the SM spectra in the IR with increasing thickness for silane profiling condition using a 600 SCCM hydrogen flow ͑series F͒. The SM spectra are FIG. 6 . ͑Color online͒ The evolution of the SM spectra with film thickness for series C ͑a͒, series F with 600 SCCM H 2 flow ͑b͒, and series F with 1200 SCCM H 2 flow ͑c͒. The film thickness of the films are depicted in the figure as well .   FIG. 7 . ͑Color online͒ The crystalline fraction X c vs film thickness for H 2 profiling I ͑squares͒, H 2 profiling 2 ͑triangles͒, silane profiling with 600 SCCM H 2 flow ͑circles͒, and silane profiling with 1200 SCCM H 2 flow ͑stars͒.
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an exact replication of that of the reference spectrum in Fig.  4͑f͒ and the shape of the SM spectrum is the same over the entire thickness range. This reflects a rather uniform microcrystalline growth over at least 2 m. These IR results are again supported by the Raman results in Fig. 7 , showing that initial silane profiling lead to an initial crystalline growth and better uniformity in crystallinity over the entire thickness range measured. Figure 6͑c͒ shows the evolution of the SM spectrum with thickness using silane profiling at a higher hydrogen dilution, i.e., 1200 SCCM hydrogen flow ͑series F͒. The appearance of the NHSMs reflects that under this condition the unwelcome crystalline grain boundaries are incorporated. The initial growth reflects the microcrystalline growth of dense material, while after the initial growth the NHSMs can be recognized in the spectra. These observations imply that the crystalline grain boundaries start to incorporate after the initial growth ͑Ͼ200-300 nm͒. This is also reflected in the X c values in Fig. 7 ͑stars͒. After initial growth the crystallinity increases above 70% up to a value of 80% reflecting highly crystalline material.
Figures 6 and 7 show that to ensure uniform growth of optimum c-Si: H phase material with thickness, a good control of the initial and steady-state plasma conditions is required. The initial growth of a c-Si: H film integrated in a solar cell device is very crucial as it determines the properties at the crucial p-i interface. Since the unfavorable crystalline grain boundaries characterized by the NHSMs only appear in the IR spectra after the postinitial deposition ͑Ͼ200 nm͒, the IR spectra of 1.8 m thick films are suitable to optimize the bulk properties, however, it is hard to resolve information on the initial growth out of measurement on thick films. Therefore, the analysis of an additional thin film of 50-100 nm is required to ensure initial growth close to the a → c transition.
D. Integration of high rate c-Si: H films into solar cells
Films deposited under condition D ͑hydrogen profiling II͒ are integrated into p-i-n devices. The results of these solar cells are shown by the triangles in Fig. 8 in which the shortcircuit current density ͑J sc ͒, the fill factor ͑FF͒, and the efficiency ͑͒ are plotted versus the open-circuit voltage ͑V oc ͒. The employment of hydrogen profiling does not lead to any reproducibility in the performance of the solar cells deposited at high deposition rates, i.e., the V oc , J sc , FF, and values show a large scattering and the majority of the cells show a poor performance. Since the IR spectra of these films, deposited using hydrogen profiling, are an exact copy of the reference spectrum, the irreproducibility must have its origin in the amorphous initial growth as depicted in Figs. 6͑a͒ and 7. The best cell performance obtained is V oc = 509 mV, J sc = 21.4 mA cm −2 , FF= 0.64, and = 6.9% ͑see Table II͒, showing the potential performance of the bulk material under these circumstances.
If we include silane profiling ͑series E and F͒ the reproducibility of the solar cell parameters improves significantly as depicted by the open circles in Fig. 8, reflecting A decreasing hydrogen dilution in series F corresponds to a decreasing J sc with increasing V oc . The increase in V oc and the decrease in J sc reflect that the amorphous fraction in the film is increasing. 56 To illustrate the relation between IR spectrum and the solar cell performance, the IR spectra of profiling conditions ͑series D͒, the open circles correspond to silane profiling conditions ͑series E and F͒, the solid stars correspond to silane and power density profiling conditions ͑series G͒, and the solid diamonds correspond to silane and power density profiling conditions and using an improved textured TCO B substrate ͑series H͒. Note that the variation in V oc for series D, E, and F is caused by variation of the hydrogen dilution ͑depo-sition conditions͒ and cell to cell fluctuations of cells deposited on the same sample area ͑50ϫ 50 mm 2 substrate contains 4 ϫ 4 cells͒, while the variation in V oc of series H is caused by cell to cell fluctuations only. c-Si: H films deposited simultaneously on c-Si substrate next to the glass/ ZnO/ c-Si: H͑p͒ using silane profiling ͑se-ries E and F͒ are depicted in Fig. 9 . Figure 9͑a͒ shows that the IR spectrum of c-Si: H deposited using a 1200 SCCM H 2 flow exhibits NHSMs, reflecting less dense material accompanied with postdeposition oxidation ͑not shown͒. The solar cell has a significant reduced performance of = 5.7%
in a p-i-n device compared to the lower hydrogen dilution conditions in Figs. 9͑b͒-9͑d͒ , as a result of a reduced red response ͑not shown͒ and much lower V oc . The increase in amorphous fraction, ͑increasing V oc and decreasing J sc ͒, is also reflected by a slight increase in the MSM and LSM with decreasing hydrogen dilution ͓Figs. 9͑b͒ and 9͑c͔͒. Figures  9͑b͒-9͑d͒ show the typical narrow range of shapes of the hydride SM spectra, at which solar cells with reasonable material properties can be expected ͑V oc Ͼ 480 mV͒. The best cell performance obtained for depositions using silane profiling ͑series E and F͒ is V oc = 497 mV, J sc = 20.6 mA cm −2 , FF= 0.68, and = 7.0 ͑see Table II͒. If we consider the highest V oc values for c-Si: H p-i-n devices which are deposited at low deposition rates ͑540-600 mV͒, 66 the value of V oc = 497 mV is still rather low. This implies that in contrast to condition D, the initial growth is not too amorphous but too crystalline for series F. An additional profiling step of the employed power density was introduced step ͑deposition series G͒, to move the deposition conditions during the first 40 s after plasma ignition even closer to the a → c transition, while preserving the optimum shape of the SM spectra in the IR. The results of silane and power profiling are depicted in Fig. 8 by the solid stars. Again the same trend is observed, J sc decreases with increasing V oc . In contrast to conditions in which only silane profiling is employed, the V oc values are roughly 20 mV higher at the same J sc values. The cell performance improves compared to series E and F and the best solar cell performance of series G is obtained at higher V oc values: V oc = 515 mV, J sc = 21.0 mA cm −2 , FF= 0.697, and = 7.53% for deposition series F ͑see Table II͒ .
Up to this point we have presented results of solar cells in which we have used homemade ZnO films with a nonoptimized surface texture as a TCO substrate. Finally, we present some results of solar cells in which we have used ZnO films with an improved surface texture ͑but still not fully optimized͒, in this paper referred to as TCO B. The intrinsic c-Si: H film deposited under the same conditions as series G have been integrated in solar cells with TCO B ͑series H͒ and the performance is depicted by the solid diamonds in Fig. 8 . It is shown that the solar cell performance is further improved by using TCO B. reflect a slight inhomogeneity in the Si:H phase around the center of the substrate electrode under condition F. This is confirmed by Raman measurements; the c-Si: H deposited in a small circular area with diameter of 1.5-2 cm at the center of the electrode has a slightly higher amorphous fraction than outside the center for series H. We have to address here, that the solar cell performances of MHC-VHF conditions E-H are lower than that of the reference material of 9.1% deposited with the flat showerhead electrode. 11 However, in our view this is not related to the quality of the p-i-n junction part, but to the substrate ͑no fully optimized TCO used͒, to the nonoptimized thickness and to the two vacuum breaks before and after the deposition of the intrinsic layer.
IV. DISCUSSION
A. IR analysis as an optimization tool for the bulk properties
The relation between the postdeposition oxidization of c-Si: H, the incorporated hydrogenated crystalline grain boundaries, and the performance of the p-i-n single junction cells at high rate deposited c-Si: H demonstrates that significant charge carrier recombination takes place at the crystalline grain boundaries in this material. Since the presence 
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Smets, Matsui, and Kondo J. Appl. Phys. 104, 034508 ͑2008͒ of these crystalline surfaces is related to a drop in the red response of the cells, 52,53 the loss of the free charge carriers generated in the crystalline grains must occur at the crystalline grain boundaries. The fact that all crystalline grain boundaries are oxidized in time and transform into O x SiH y surfaces suggests that all crystalline grain boundaries have to be surfaces in an interconnected pore and crack network which ends up at the top surface of the c-Si: H film. The fact that no NHSMs appear anymore in material having the best cell efficiencies suggests that these specific pores with crystalline grain boundaries could be filled with a-Si: H tissue or that the crystalline surface is covered by a-Si: H tissue. In analogy to a-Si: H passivation layer on the c-Si surface in heterojunctions, 67, 68 the passivation of the crystalline grain boundaries by a-Si: H layer could prevent charge carrier recombination at these unwelcome bulk interfaces. It is noteworthy that most of the hydrogen is present in the HSMs, corresponding to macroscopic a-Si: H surfaces in the bulk and the LSMs corresponding to vacancies within the bulk of the a-Si: H tissue. 63 This fraction of amorphous phase in the bulk does not seem to affect the J sc of the solar cells, which means that the carrier transport in c-Si: H bulk material is mainly controlled by the crystalline grains. Note, that the hydrogen at the crystalline grain boundaries ͑contrib-uting to the NSHM͒ is only a small fraction of the total hydrogen incorporated in the bulk. If we consider the fact that the contribution of the ELSMs have its maximum for material in which the NHMSs do not appear anymore, could mean that the ELSMs reflect the hydrides in a-Si: H tissue squeezed into the pores. The assignment of the ELSMs is still under discussion, however, to explain its rather large frequency shift with respect to the frequency of unscreened monohydrides ͑2099 cm −1 ͒ and dihydrides ͑2124 cm −1 ͒ these hydrogen incorporation configurations have to correspond to extreme high local hydride densities combined with possible mutual hydride dipoledipole interactions. 69 A likely candidate is hydride surfaces standing face to face and which are squeezed in each other. This results in neighboring parallel aligned hydrides, having subsequently opposite dipole directions, which could induce a strong dipole-dipole coupling between the hydride neighbors. Therefore, the ELSM could reflect a-Si: H surface pressed on the crystalline grain boundaries or two opposite positioned a-Si: H surfaces covering the crystalline grain boundaries.
Note that the c-Si: H phase still contains many internal surfaces for the device quality material with V oc = 480-540 mV ͑Fig. 8͒, however, all these surfaces are amorphous. These surfaces are represented in the IR spectrum by the three HSMs at 2080, 2120, and 2150 cm −1 and they must reflect macroscopic a-Si: H surface in the pores/ cracks of the material. The a-Si: H tissue is reflected by the LSM ͑1980-2010 cm −1 ͒ and MSM ͑2030-2040 cm −1 ͒ assigned to hydrogen in vacancies and the HSM ͑2070-2100 cm −1 ͒ hydrogen in isolated nanosized voids. Note, that the higher V oc reflects a higher fraction of a-Si: H tissue in the c-Si: H. This shift in Si:H phase is in line with the IR spectra in Fig. 9 , which shows that the integrated area of the LSM and MSM, corresponding to a-Si: H tissue, are also increasing for the cells having a higher V oc .
Furthermore, it is interesting to mention that c-Si: H films with crystalline grain boundaries, as reflected by the appearance of NHSMs in the IR spectrum, exhibit reduced electrical properties like reflected in the dark conductivity. Our experience is that for films which have the unwelcome crystalline grain boundaries, the activation energy of the dark conductivity drops below a critical value of ϳ0.5 eV. This is in line with the results obtained by Kočka et al., 70 which showed that grain boundaries deteriorate the charge carrier transport properties. Furthermore, Kočka et al. demonstrated that if these unwelcome grain boundaries are incorporated in the films, it happens in the postinitial growth ͑Ͼ500 nm͒. This seems to be consistent with the incorporation of crystalline grain boundaries as depicted in Fig. 6͑c͒ .
B. Optimization of the bulk properties
The transition from the amorphouslike to crystallinelike phase around 5-6 Torr in Figs. 5͑a͒ and 5͑b͒ is caused by a reduction in the energy of the ions bombarding the growth surface during deposition. Around 5-6 Torr the plasma sheath shifts into the collisional regime. Ion bombardment can lead to amorphization of the microcrystalline layer grown via the ion induced bulk-atom displacement. This process is estimated to be activated above a threshold energy of 35 eV ͑Refs. 43 and 44͒ for SiH x + ions. Ions gain kinetic energy when they are accelerated to the wall in the plasma sheath and can only lose energy by neutral-ion collisions during their accelerations. If the ion mean free path becomes smaller than the plasma sheath thickness ͑by increasing pressure͒ the ion energy is reduced. It seems that from a pressure of 6 Torr the majority of ions cannot gain an energy larger than the threshold energy for ion-bulk-atom displacement. However, it is remarkable that at this transition no material without crystalline grain boundaries can be deposited. If we consider the possible mechanisms responsible for preventing the incorporation of crystalline grain boundaries, it would imply that these mechanisms would require higher pressures. As suggested earlier, possible mechanism could be filling of the pores or passivation of these crystalline surfaces with a-Si: H tissue. In view of these types of growth mechanisms higher pressures could induce a higher radical flux to the surfaces within the created pores among the just deposited crystalline grains.
A second transition occurs, going from the crystallinelike phase to the amorphous phase around 10-11 Torr. This transition is most likely caused by a reduction in the atomic hydrogen flux to the deposition surface. Atomic hydrogen is believed to enhance the crystallization of the Si:H growth. 71, 72 The net flux of atomic hydrogen to the surface is reduced by additional atomic hydrogen loss in secondary reactions with ions, radicals, and nanoparticles in the plasma phase at these high pressures. Furthermore, the higher pressure could suppress the hydrogen diffusion to the growth surface.
C. Optimization of the initial growth
The fact that initial silane profiling reduces or prevents the incorporation of an amorphous incubation film implies that at least for conditions without any deposition parameter profiling, the initial plasma conditions differ from plasma conditions during bulk growth, here referred to as the steadystate conditions. Since in steady-state plasma conditions, the injected SiH 4 gas is almost fully dissociated in the plasma zone, the background volume of the reactor is mainly filled with molecular hydrogen. Subsequently, the effective dilution ratio in the plasma zone is determined by the injected SiH 4 and H 2 via the showerhead electrode and H 2 diffusion from the background into the plasma zone. In contrast, when the plasma is ignited, the background volume is ͑next to H 2 ͒ also filled with SiH 4 ͑without any employment of profiling͒ and the effective dilution will be smaller compared to the steady-state situation via the additional backdiffusion of the background SiH 4 gas. Consequently, directly after the plasma ignition, the deposition conditions are in a more amorphous phase. 16 The time it takes before the plasma conditions stabilize into the optimized steady-state conditions depends on the residence time of the SiH 4 gas in the background ͑ res ͒. This characteristic time depends on the volume of the background, the partial SiH 4 density, and the total flow injected into the chamber. The background volume compared to the plasma zone volume is rather large in our HPD-VHF setup, which makes the deposition at high deposition rates extremely sensitive for this effect. For the HPD-VHF setup the typical residence time of gas in the background is res = 41, 27, and 21 s at total gas flows of 612, 912, and 1212 SCCM, respectively. If we consider the different approaches of initial deposition parameter profiling, it is easy to grasp that the SiH 4 profiling is better to control the initial SiH 4 backdiffusion compared to H 2 profiling. Although hydrogen profiling slightly decreases the SC compared to no hydrogen profiling conditions, hydrogen profiling does not prevent SiH 4 backdiffusion, but shortens the time scale in which backdiffusion plays a role. Another issue to be addressed is the fact that different substrate materials could induce different initial c-Si: H growths, as the IR analysis is performed on c-Si: H deposited on IR transparent c-Si samples and not on glass/ TCO/ c-Si: H͑p͒ substrates as used for the solar cells. However, our experience is that the correlation between IR information and the solar cell performances is amazingly sharp as the crystalline grain boundaries reflected by the NHSMs are only present in the postinitial growth zone ͑Ͼ200 nm͒. This implies that the substrate material and substrate surface does not affect the incorporation of the unwelcome grain boundaries above a thickness of 200 nm. Moreover, no pretreatment has been performed to remove the native oxide from the c-Si films and consequently the growth on this substrate does not start from a crystalline surface.
In this paper the proposed optimization approach is twofold: optimization of the bulk material in the postinitial deposition by preventing the incorporation of the crystalline grain boundaries and optimization of the initial growth by reducing the incorporation of an a-Si: H incubation layer, i.e., promoting an instant initial c-Si: H growth close to the a → c phase transition.
D. Integration of high rate c-Si: H films into solar cells
The employed stepwise increase in the silane flow in the initial growth rules out any effect of silane backdiffusion. However, the question is whether the initial growth is close to the desired a → c transition during every initial step. Directly after the plasma ignition, the VHF power density is already fully employed. Since this VHF power density is optimized for the steady-state conditions, the employed power density will be too high for the first silane flow steps ͑the SC will be lower than in the steady-state condition͒. A too high power density will result in initial growth which is too crystalline, instead of too amorphous. This is shown by the relatively low V oc values for the p-i-n devices deposited under conditions E and F. This effect is partly compensated by the introduction of an additional initial profiling of the VHF power density. The same c-Si: H bulk material properties are obtained ͑not shown͒, while the initial growth is closer to the a → c transition. This effect is reflected in Fig.  8 by the trend that around 20 mV higher V oc values are obtained ͑initial growth dominated͒ at the same J sc values ͑bulk dominated͒ for deposition series G ͑stars͒ compared to E and F ͑circles͒.
The growth on TCO with an improved ͑but still not optimized͒ surface texture results in both higher V oc values at the same current and higher values for the maximum V oc obtained. First of all the improved surface texture improves the light confinement, which results in higher J sc values at the same V oc values. However, this does not yet explain why deposition on TCO B also results in an increase in the maximum V oc obtained. Bailat et al. 73 found that the surface morphology of the TCO substrate can affect the initial growth, i.e., it can improve the V oc . In Ref. 74 it is proposed that possible prevention of the incorporation of vertical cracks, induced during the initial growth by "V-shaped" surface morphology of the TCO, by using more "U-shaped" surface morphology is responsible for the improvement in the V oc .
As mentioned in Sec. III D, under deposition series H a slight inhomogeneity over the substrate is observed. The c-Si: H film deposited in the center of the 50ϫ 50 mm 2 sample ͑circular area with diameter ϳ2 cm, overlapping the 4 middle cells͒ has a slightly higher amorphous fraction compared to the c-Si: H outside the center ͑outer 12 cells͒. This is reflected in higher V oc values and lower J sc values in the centered cells compared to the outer cells, while the efficiency remains the same. This inhomogeneity is caused by the bulk c-Si: H deposited during the steady-state conditions. If we assume that atomic hydrogen is the precursor for crystallization, the a → c transition should be indicated by a critical value for the ratio between the number of atomic hydrogen atoms arriving at the surface per the number of Si atoms deposited ⌫ H / ⌫ Si crit . The higher the amorphous fraction of the film in the center of the electrode would mean that the ⌫ H / ⌫ Si ratio is smaller than at the edge of the electrode. To our knowledge, two possible effects can play a role. First the local effective dilution is determined by the silane and hydrogen gas injected through the shower head and the backdiffusion of the hydrogen molecules from the background volume into the plasma zone. The latter hydrogen supply to the plasma zone results in a slight inhomogeneous hydrogen dilution between the electrodes, i.e., the penetration depth of the backdiffused hydrogen into the plasma zone is limited to roughly 5-6 cm. Consequently, the effective dilution is slightly lower in the center of the electrode, resulting in a locally more amorphous growth.
Second, in a showerhead geometry the local flow velocity of the gas ͑v g ͒ depends linearly on the position, i.e., v g ϳ r, with r the position from the center. In the center the flow velocity is the smallest, which means the local residence time of the gas and also the SiH 4 precursor is the longest. Consequently, SiH 4 has more chance to dissociate in the center of the electrode ͑assuming that the longer residence time affects the H 2 dissociation less͒ and the local flux of deposited Si atoms could be higher, making ⌫ H / ⌫ Si locally lower.
For deposition over significant larger areas, the diffusion effect would only play a role at the edge of the electrodes. For smaller electrodes, this effect does not play a role as long as the penetration depth of the background diffusion is larger than the radius of the electrode. However, a better control over the homogeneity is obtained in a deposition configuration in which the background volume is as small as possible. 75 In contrast, the effect of the flow velocity, if it plays any effect, would be more significant for larger electrodes.
Finally, we would like to make a remark on the IR spectrum of the optimized c-Si: H deposited using HPD-VHF with a flat shower head ͓Fig. 4͑f͔͒, which we used as a reference for optimum material to optimize the MHC-VHF conditions. An important issue still remaining is how far the occurrence of such a spectrum could be uniquely attributed to optimal material quality. The results in this paper show that the IR spectra of 1.8 m film successfully reflect the optimized bulk properties and better results are achieved with improved uniformity of the optimized phase with thickness. However, the reference spectrum does not provide any information on the exact initial growth of the c-Si: H film integrated in the 9.1% record cell. Therefore, it is helpful to mention that this record cell is deposited in a setup with flat showerhead and this setup has a significant smaller background volume compared to the chamber with the MHC installed. This also means that the time to reach the steadystate deposition conditions is much shorter for the deposition setup with the flat showerhead electrode. However, it does not mean that the initial growth as optimized in the setup with MHC exactly reflects the initial growth of the reference material. Therefore, there could still be some room for slight improvements of the initial growth.
V. CONCLUSIONS
High-rate deposited c-Si: H films using the HPD-VHF technique have been integrated into single junction p-i-n solar cell devices. It is demonstrated that a good control of the Si:H phase with thickness is crucial to obtain good device grade material properties at high deposition rates. The initial c-Si: H growth and the steady-state c-Si: H bulk growth has been optimized using IR transmission measurements on the hydride vibration and Raman analysis. The optimum bulk material has been found by using the signature of the NHSMs in the IR. The NHSMs correspond to hydrogenated crystalline surfaces, which show postdeposition oxidation and the absence of these surfaces in the c-Si: H matrix reflect solar grade material. Furthermore, it has been shown that the initial high rate growth conditions can differ significantly from the steady-state high rate conditions for a small sized HPD-VHF geometry within a large background volume. To assure the similar growth conditions during the initial growth as the optimized one during the steady-state growth, initial profiling of the deposition parameters has been employed. Solar cell efficiencies of 8.0% at 2.0 nm/s have been obtained using the presented approach. 
